Transit operations involve several inherent sources of uncertainty including dispatching time from the origin terminal, travel time between stops and dwell time at stops. Bus holding control strategies are among the prominent methods applied by transit operators in order to improve transit performance and level of service. The common practice is to regulate departures from a limited number of stops by holding buses until the scheduled time. An analysis of the performance of a high-frequency bus line in Stockholm based on Automatic Vehicle Location (AVL) data shows that this control strategy is not effective in improving service regularity along the line. It also indicates that drivers adjust their speed based on performance objectives. Implications of a control strategy that regulates departures from all stops based on the headways from the preceding bus and the following bus were evaluated using BusMezzo, a transit operations simulation model. The results suggest that this strategy can improve service performance considerably from both passengers and operators perspectives. In addition, it implies cooperative operations as the decisions of each driver are interdependent of other drivers with mutual corrections. The difficulties in realizing the benefits of the proposed strategy in practice such as dispatching from the origin terminal, driver scheduling and compliance are discussed. The implications of several practical considerations are assessed by conducting a sensitivity analysis as part of the preparations to a field experiment designed to test the proposed control strategy. a field experiment designed to test the proposed control strategy.
analysis of the performance of a high-frequency bus line in Stockholm based on Automatic
7
Vehicle Location (AVL) data shows that this control strategy is not effective in improving 8 service regularity along the line. It also indicates that drivers adjust their speed based on 9 performance objectives. Implications of a control strategy that regulates departures from all 10 stops based on the headways from the preceding bus and the following bus were evaluated 11 using BusMezzo, a transit operations simulation model. The results suggest that this strategy 12 can improve service performance considerably from both passengers and operator"s a field experiment designed to test the proposed control strategy.
INTRODUCTION 1
Service reliability is one of the main determinants of transit level of service. In the context of 2 high-frequency urban lines, unreliable service results in long waiting times, bunched vehicles, 3 long delays, uneven passenger loads and poor capacity utilization. In addition, more reliable 4 transit performance can also imply lower operating costs and more efficient crew 5 management. Transit operating environment is very uncertain. Sources of uncertainty include 6 dispatching from the origin terminal, travel time between stops, and dwell times at stops.
7
Transit control strategies consist of a wide variety of operational methods designed to 8 improve transit performance and level of service. Holding strategies are among the most 9 widely used aiming at improved service regularity by regulating departure time from stops 10 according to pre-defined criteria [1] . The design of holding strategies includes the stops 11 where control is exercised, the conditions under which holding is used, and the amount of 12 holding time. The stops where holding may take place are known as Time Points (TPS).
13
Although hypothetically all stops might be defined as TPS, a typical bus line has only a few 14 TPS (such as main transfer and central business district locations).
15
Although a number of studies [2, 3, 4] have indicated the benefits of holding strategies, 16 a number of implementation studies have also shown that the benefits in practice some times 17 are not realized. Previous reports on field trials of control strategies designed to improve 18 service regularity shown limited results [5, 6] . Pangilinan et al. [6] concluded that the main 19 hindrance in the implementation was the workload in the control room. Carrel et al. [7] 20 studied the control room dynamics and the main factors that influence controllers" decisions.
21
An important observation was the dominancy of schedule adherence as a decision factor even 22 when it introduces irregularities. Hence, the evaluation of various strategies should not be Furthermore, an analysis of the speed pattern indicates that drivers adjust their speed 31 continuously and that their driving pattern is sensitive to the TPS layout as they slow down 32 when approaching a TPS. A holding strategy that is based on the headways from the 33 preceding bus and the following bus can improve service performance considerably from 34 both passengers and operator"s perspectives [8] . The implications of applying this control 35 strategy while treating all stops as potential TPS were assessed using BusMezzo, a transit 36 operations simulation model. This control strategy implies cooperative operations as the 37 decisions of each driver are interdependent of other drivers and executed simultaneously. The 38 implementation of such a strategy involves practical considerations as scheduling constraints, 39 driver display, driver compliance and control centre routines. This analysis was carried put as 40 part of the preparations to a field experiment designed to test the proposed control strategy.
41
The remainder of this paper is organized as follows: Section 2 presents an analysis of is a representative high-demand inner-city line that runs through the city centre. It runs with a 10 planned headway of 5-7 minutes during most of the day and 4-5 minutes during the morning 11 and afternoon peak periods. The line route connects Frihamnen, the main harbor in the 12 eastern part of the city, the city centre, a business district and western residential areas schedule. The scheduled adherence measure is given at the half minute level.
5
The contract between the regional transit authority and bus operators determines that 6 the operator has to pay certain penalties, depending on the level of service offered and service 7 punctuality is an important clause in the contract. On-time performance is defined as The overall pattern is that the share of on-time departures deteriorates along the route from a The average running speed is in the range of 7 to 40 km/h. As expected, the average speed is 6 higher at both edges of route directions and lower at the middle part that runs through the 7 inner city. Ingemarson [11] analyzed line 1 running times before and after the introduction of 8 priority measures and congestion charge in Stockholm and found that running speeds 9 remained unchanged.
10
The continuous display of the deviation from the schedule enables drivers to adjust 11 their speed accordingly. In order to investigate the extent of these potential speed 12 adjustments, the correlation between the average speed and the corresponding measure of 13 schedule adherence that was displayed on the BusPC system was calculated between each 14 pair of consecutive stops. The displayed measure was estimated by using the following 15 formula:
Where is the on-time display for the driver on trip when driving between stops j and 
5
As a high-frequency line, the main determinant of level of service is service 6 regularity. Figure 3 presents headway distributions at the origin terminal and the three TPS 7 on both line directions based on the AVL departure times during the afternoon peak period.
8
The distribution is narrowest at origin terminals with a central value that corresponds to the 9 planned headway. However, even at the origin terminal there is a high variation in headways-10 15-18% of headways less than 2 minutes and more than 10% longer than 7 minutes. The 
SIMULATION STUDY 4
The analysis of the AVL data suggests that the current control strategy does not prevent the 5 deterioration of service regularity along the route. The evaluation of the performance under 6 alternative control schemes can be estimated using a transit simulation model. running time between stops m and j .
is the planned headway between trips -1 and 10 and α is a threshold ratio parameter.
11
Cats et al. [8] concluded that based on the current TPS layout, strategy (EH) is 12
promising. An alternative TPS layout that was constructed based on recommendations from 13 previous studies did not show substantial improvement over the current scheme.
14 The purpose of TPS is to control the deterioration of service regularity along the line.
15
Although hypothetically all stops can be defined as TPS, departure times are usually 16 regulated only at a small subset of stops along a bus line. 
23
In order to investigate this possibility, a simulation study was carried out to evaluate of TPS -the current layout of three TPS versus all-stops (denoted by 3 and ALL).
27
Dispatching from the terminal is schedule-based in all the scenarios. The case study 28 represents in detail the bus line characteristics based on the empirical data described in value -from 558 seconds to 335 seconds -compared with the base case scenario (S1). 
Operational considerations

25
From the operator perspective, holding strategies have the potential to improve fleet schedule-based and EH strategies (see Table 1 ). This result is consistent with previous 
24
Relief points are a potential concern when applying headway-based strategies, as 25 schedule adherence is the main concern for driver shift scheduling. The distribution of the (Table 1) . Furthermore, the standard deviation of the delay is significantly lower in the 5 cases of headway-based control at all stops with lower probabilities for very late arrivals.
6
These results suggest that headway-based strategies can even improve punctuality at relief 7 points.
8 9
Robustness
10
The overall robustness of the EH strategy has to be considered with respect to human factors embedded in the EH control strategy as follows:
Where is an upper bound for holding time and is an indicator that equals 1 if the 25 driver on trip complies with the regulations at TPS.
26
The results of this experiment are presented in Table 2 . Both EH-3 and EH-ALL were 27 simulated with two imperfect compliance rates of 50% and 75% of the drivers complying 
IMPLEMENTATION GUIDELINES
8
The analysis of the simulation results highlights potential benefits from implementing the 9 EH-ALL strategy. The analysis suggests that implementing this strategy on trunk line 1 will 10 have positive impacts on reliability and hence on passenger waiting times, crowding levels,
11
and fleet operations, while maintaining the schedule adherence in general, and at the relief 12 points in particular. In addition, the underlying inter-dependent mechanism of the EH strategy 13 can be useful in preventing the current speed pattern of slowing down just before approaching 14 TPS that is reinforced by the schedule-based control strategy.
15
The findings of the analysis have led the local transit authority and bus operator to behaviorally consistent with the current practice as "plus" requires waiting or slowing down 24 and "minus" to speed up.
25
The simulation model is a useful tool for assessing the impacts of potential control to other measures that were introduced simultaneously led to small regularity improvement.
10
Important lessons can be draw from previous attempts to implement a headway-based analysis shows that this strategy is also robust with respect to driver behavior.
15
An additional aspect that could be examined during the trial period is the potential 16 reduction in running times between stops. The findings of Ingemarson [11] that running times 17 on line 1 did not change due to the introduction of priority measures and congestion toll in
18
Stockholm should be interpreted in the context of the current schedule-based control.
19
Timetables are not merely a reflection of running times but rather an important determinant conflicts between transit authorities and operators on the construction of timetables.
28
The assessment of the actual field implementation would be based primarily on 
